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The electromagnetic form factors of Λ hyperon in the vector meson dominance model
Yongliang Yang, Dian-Yong Chen,∗ and Zhun Lu†
School of Physics, Southeast University, Nanjing 211189, China
We perform an analysis on the electromagnetic form factors of theΛ hyperon in the time-like reaction e+e− →
ΛΛ¯ by using a modified vector meson dominance model. We consider both the intrinsic structure components
and the meson clouds components. For the latter one, we not only include the contributions from the φ and
ω mesons, but also take into account the contributions from the resonance states ω(1420), ω(1650), φ(1680)
and φ(2170). We extract the model parameters by combined fit to the time-like effective form factor |Geff |, the
electromagnetic form factor ratio |GE/GM | and the relative phase ∆Φ of the Λ hyperon from the BaBar and
BESIII Collaborations. We find that the vector meson dominance model can simultaneously describe these
observables. Particularly, the inclusion of the resonance states in the model is necessary for explaining the ratio
|GE/GM | in a wide range of
√
s as well as the large phase angle. With the fitted parameters, we predict the single
and double polarization observables, which could be measured in polarized annihilation reactions. Moreover,
we analytically continue the expression of the form factors to space-like region and estimate the space-like form
factors of Λ hyperon.
PACS numbers: 13.40.Gp, 13.66.Bc, 14.20.Jn, 12.40.Vv
I. INTRODUCTION
The electromagnetic form factors (EMFFs) GE and GM
of hadrons are fundamental quantities for probing the inter-
nal structure of hadrons and understanding the perturbative
and non-perturbative quantum chromodynamics (QCD) ef-
fects encoded in hadrons [1–3]. They contain the information
on the distribution of electric charge and magnetic moment of
the hadron. In the past decades the experimental and theo-
retical investigations on nucleon (proton and neutron) EMFFs
[2–21], particularly the effective form factor, have been per-
formed in both the space-like and time-like regions, e.g., in
the ep elastic scattering, p¯p annihilation or e+e− annihilation
processes. A reasonable theoretical approach to understand
the nucleon EMFFs in the space-like region is the vector me-
son dominance (VMD) model, which has been also extended
to study the time-like data [4, 5, 22–25]. In the framework
of the VMD model, the EMFFs can be naturally expressed as
the product of the two components: an intrinsic structure (the
valance quark) and the meson cloud (qq¯ pairs). Other than the
VMD model, the pQCD inspired model has also been applied
to parameterize the nucleon EMFFs [13, 16, 26–28], which
have an analytical form that can also be extend to time-like
region.
In recent years, there are also increasing interests on the
EMFFs of the Λ hyperon from both the theoretical [29–36]
and experimental side [7, 37–39]. In contrast to nucleon, it
is rather difficult to explore the scattering cross section and
the EMFFs of the Λ hyperon in space-like region [7, 38–
40], since the hyperon are unstable and hyperon targets are
unfeasible. The EMFFs of hyperons in the space-like re-
gion are hardly measured by exclusive experiments, there-
fore, the time-like form factors in reaction e+e− → ΛΛ¯ can
offer a unique opportunity to study the electromagnetic prop-
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erty of Λ hyperon. Experimentally, the cross sections for the
e+e− → ΛΛ¯ has been measured by BaBar and BESIII Col-
laborations [38, 39, 41], a notable feature of the extracted
effective form factor Geff is the near threshold enhancement.
Similar enhancement effect can also be observed in the time-
like effective form factor of proton [14, 17, 18, 20] and such
phenomena can be interpreted by the Coulomb final-state in-
teractions [42, 43], since the proton is a charged particle.
As for Λ hyperon, Λ hyperon is neutral, thus, such kind of
final-state interactions vanish. Then decoding the source of
the near threshold of enhancement in the Λ hyperon effective
form factor will be a intrigue question. Moreover,GE and GM
in the time-like region are complex, there is a relative phase
angle ∆Φ between these two form factors. Very recently, a
preliminary measurement [37] from the BESIII Collaboration
demonstrates a rather large phase ∆Φ = 42◦ ± 16◦ ± 8◦ at√
s = 2.396GeV. To date, there is very little theoretical im-
plication on the relative phase ∆Φ other than the ΛΛ potential
model [29].
In the present work, we aim at simultaneously describing
the available data on the effective form factor |Geff |, the ratio
|GE/GM | and the relative phase ∆Φ (preliminary data) from
both BaBar and BESIII Collaborations, in light of the VMD
model. Due to the isoscalar property of the Λ, we need not
consider the contribution of the ρ meson and its resonance
states. Furthermore, the threshold of ΛΛ¯ is about 2231 MeV,
thusω and φ, as well as their excited states below the threshold
should be involved. In the present work, we take into account
the contributions from the resonance states ω(1420),ω(1650),
φ(1680) and φ(2170). The formula of time-like form factors
are obtained by an analytic continuation of the space-like form
factors, and in the time-like region, we take into account the
decay widths of the vector mesons and their resonance states
in order to introduce a complex structure for GE and GM [42].
The work is organized as follows: an analysis of the form
factors of Λ hyperon in the VMD model is performed after
introduction. In section III, we present our fit to the time-like
form factor of Λ hyperon and our predictions for the single
and double polarization observables as well as space-like form
2factors and Section IV is devoted to a short summary.
II. ANALYSIS OF FORM FACTORS OF Λ HYPERON IN
THE VMD MODEL
Encouraged by the success of the VMD model for the nu-
cleon (proton and neutron) in Ref. [25], we extend the model
to investigate the EMFFs of the Λ hyperon. First, we in-
troduce the Λ form factors in the space-like region, where
q2 = −Q2 < 0. Considering the relativistic invariance of the
EMFFs, one can write down the electromagnetic current of a
baryon with spin-1/2 in terms of the Dirac form factor F1(Q
2)
and Pauli form factor F2(Q
2) as
Jµ = γµF1(Q
2) +
iσµνqν
2MΛ
F2(Q
2) . (1)
In the VMD model, Fi can be further decomposed as
Fi = F
S
i + F
V
i (2)
where FS
i
and FV
i
denote the isoscalar and isovector compo-
nents of the form factors, respectively. As forΛ hyperon, there
is only isoscalar contribution, i.e., FV
i
≡ 0, since Λ hyperon is
isospin singlet.
Based on the above consideration, the observed EMFFs
GE(Q
2), GM(Q
2) of the Λ hyperon can be expressed in terms
of the FS
i
as,
GMΛ = F
S
1 + F
S
2 , GEΛ = F
S
1 − τFS2 , (3)
where τ = Q2/4M2
Λ
. We note that these relations satisfy the
kinematical constraint GE(−4M2Λ) = GM(−4M2Λ). This con-
straint is of crucial importance in the time-like region [24].
In the VMD models for the nucleon [4, 5, 23, 25], the form
factors are attributed to two parts. One is the intrinsic structure
which is determined by the valence quarks, the other is the
meson cloud. The nature of the intrinsic structure has been
analyzed and discussed in details in Refs. [5, 23]. In those
studies the form factors satisfy the asymptotic behaviour of
pQCD [28, 44]. The meson cloud term was used to describe
the interaction between the bare nucleon and the photon in the
framework of the vector meson dominance (ρ, ω and φ) [4,
24].
A. space-like form factors
In light of the VMD, we consider the isoscalar components
of the form factors which receive contributions from theω and
φ mesons. The Dirac and Pauli form factors of the Λ hyperon
are expressed as the product of the intrinsic form factor g(Q2)
and the terms from VMD. In addition, we will also consider
the contributions from the resonance states of the vector me-
son φ and ω: ω(1420), ω(1650), φ(1680) and φ(2170). The
expressions of the form factors from these resonance states
are assumed to be the same as those from the vector meson
ω(782) and φ(1020) in our modified model. The Dirac and
Pauli form factors of Λ hyperon are normalized at Q2 = 0 as
F1(0) = 0, F2 = µΛ . (4)
These constraints lead to the parameterized forms of the
isoscalar Dirac and Pauli form factors in the VMD model as
follow,
FS1 (Q
2) =
g(Q2)
3
ΣNi=1
[
− βωi − βφi + βωi
m2ωi
m2ωi + Q
2
+βφi
m2φi
m2
φi
+ Q2
]
(5)
FS2 (Q
2) =
g(Q2)
3
ΣNi=1
[
(µΛ − αφi )
m2ωi
m2ωi + Q
2
+ αφi
m2φi
m2φi + Q
2
]
(6)
where N = 3 and µΛ = −0.613µN is the magnetic moment of
the Λ hyperon,ωi (i = 1, 2, 3) denotes the vector meson states
ω(782), ω(1420) and ω(1650), and φi (i = 1, 2, 3) denotes
the vector meson states φ(1020), φ(1680) and φ(2170). The
intrinsic structure factor is characterized by a three-valence-
quark structure [5]. We choose it as a dipole form g(Q2) =
(1 + γQ2)−2, which is consistent with pQCD and enables a
good fit to the nucleon EMFFs [23, 25]. Especially, we adopt
the value of the intrinsic parameter γ = 0.25 as the one in
Ref. [25]. While, the coefficients βωi , βφi , αφi in Eqs. (5)-(6),
which are products of a Vγ coupling constant and VBB cou-
pling constant, are considered as free parameters [25]. Since
our purpose is to investigate the existing data for time-like
form factors, we do not further elaborate the space-like ex-
pressions. We will extend the expressions of the form factor
to the time-like region in next subsection.
B. Time-like form factors
The general expression of the Born cross section for the re-
action e+e− → B¯ B has been given in Ref. [19] under the one-
photon exchange approximation with B as a spin- 1
2
baryon.
The integrated cross section of the Λ hyperon pairs produc-
tion is governed by the electric and magnetic form factors GE
and GM as,
σ(s) =
4piα2β
3s
CΛ
[
|GM(s)|2 +
1
2τ
|GE(s)|2
]
(7)
where GE(s) and GM(s) are the EMFFs in the time-like re-
gion, s is the square of the center of mass (c.m.) energy,
τ = s/4M2
Λ
. The variable β =
√
1 − 1/τ is a phase-space
factor. The Coulomb enhancement factor CΛ [36, 45], ac-
counting for the electromagnetic interaction of the point-like
baryon pairs in the final state, is CΛ = 1 for neutral baryon
pair. Another quantity used in various analyses is the effective
form factor Geff(s). The effective form factor is equivalent to
|GM | under the hypothesisGE = GM [16]. In general cases, the
3effective form factor can be expressed in terms of the moduli
of the EMFFs [14]:
|Geff(s)| =
√
2τ|GM(s)|2 + |GE(s)|2
1 + 2τ
=
√
σe+e−→Λ¯Λ(s)
4piα2β
3s
CΛ[1 +
1
2τ
]
.
(8)
It is proportional to the square root of the Born cross section,
which can be extracted from experimental measurements on
the cross section for e+e− → ΛΛ¯.
By an appropriate analytic continuation in the complex
plane, the form factors of Eqs. (5)-(6) can be used to analyze
the form factors in the time-like region [4, 16]. For the intrin-
sic structure, the analytical continuation to time-like region is
based on the following relation [16]:
Q2 = −q2 = q2eipi . (9)
Therefore, in the time-like region, g(q2) has the form an ana-
lytical continuation form:
g(q2) =
1
(1 − γq2)2 . (10)
For the meson cloud part, we take into account the width of
vector mesons [42] to introduce the complex structure in the
time-like region. By the following replacement,
βωi
m2ωi
m2ωi + Q
2
→ βωi
m2ωi
m2ωi − q2 − imωiΓωi
,
βφi
m2φi
m2
φi
+ Q2
→ βφi
m2φi
m2
φi
− q2 − imφiΓφi
, (11)
we can obtain the modified VMD model in the time-like re-
gion. It should be noticed that in the case of nucleon, the
time-like form factors have been analyzed in a VMD model
[4, 5], where only the ground vector mesons were included.
It was found that the complex structure of nucleon time-like
form factors came from a undetermined phase angle θ in g(q2)
as well as the width of ρmeson [46]. In the present model, we
include the excited states of the vector meson states and the
widths of involved states are crucial for reproducing the rela-
tive phase angle ∆Φ, which is similar to the case of the pion
form factor studied in Ref. [47] through the VMD model.
TABLE I: The masses and widths of the involved vector mesons in
unit of MeV [48].
State Mass Width State Mass Width
ω(782) 783 8.5 φ(1020) 1019 4.2
ω(1420) 1420 220 φ(1680) 1680 150
ω(1650) 1650 315 φ(2170) 2188 83
III. NUMERICAL RESULTS AND DISCUSSIONS
A. Fit the time-like form factors
The masses and widths of the involved vector mesons are
listed in Table I. With the expressions of F1 and F2 in Eqs. (5)-
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FIG. 1: (Color online). Our fit to the effective form factor |Geff | of
Λ hyperon (solid curve). The rectangles and circles represent the
data from the BaBar [38] and BESIII [39, 41] Collaborations, re-
spectively. For comparison, we also present the result from the ΛΛ¯
potential model in Ref. [29] (dashed curve).
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FIG. 2: (Color online). The same as Fig. 1 but for the electromag-
netic form factor ratio. The experimental data on the ratio |GE/GM |
are from BaBar [38] and BESIII [37] Collaborations.
(6) and the replacements in Eq. 11, we perform a combined
fit to the effective form factorGeff in the region 2.2324 GeV <√
s < 3.08 GeV, the electromagnetic form factor ratio and
the relative phase. The obtained parameters are presented in
Table II. With these parameters, the χ2/d.o.f is estimated to
be 0.977.
In Fig. 1, we present our best fit to the Λ effective form fac-
tor |Geff | in the energy range 2.2324 GeV <
√
s < 3.08 GeV.
For comparison, we also present the theoretical estimations
from the potential model up to
√
s = 2.4 GeV [29]. After
including the resonances of ω and φ mesons, the fit demon-
strates that our model can accurately describe the effective
form factor |Geff | of the Lambda hyperon. In particular, af-
ter including φ(2170), the near threshold enhancement can be
well reproduced.
In Fig .2, we present the fit result of the electromagnetic
form factor ratio. This ratio is determined to be 1 due to the
4TABLE II: The parameters obtained from the combined fit.
Parameter Value Parameter Value Parameter Value
βω(782) 3.141 ± 0.004 βω(1420) −0.632 ± 0.003 βω(1650) 0.422 ± 0.003
βφ(1020) −3.343 ± 0.004 βφ(1680) 0.388 ± 0.002 βφ(2170) −0.089 ± 0.001
αφ(1020) 7.079 ± 0.044 αφ(1680) 0.910 ± 0.001 αφ(2170) 0.073 ± 0.001
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FIG. 3: (Color online). The same as Fig. 1 but for the relative phase
∆Φ. The experimental data are from BESIII Collaboration [37].
kinematical restriction on the threshold. With
√
s increasing,
this ratio increased at first and then decreased, which is sim-
ilar to estimation of the ΛΛ¯ potential model [29]. Our fitted
results reach up its maximum ∼ 1.5 at √s ≃ 2.3 GeV, and
then decreases monotonically. While the maximum of the ΛΛ¯
potential model estimation is about 1.2. Our fit to the rela-
tive phase ∆Φ is presented in Fig. 3. It should be notice that
GE = GM on theΛΛ¯ threshold, thus, ∆Φ = 0 on the threshold.
Our result well fit the experimental data. In the combined fit,
we find that the inclusion of the vector resonance states is cru-
cial for describing the data on |Geff |, |GE/GM | and ∆Φ. After
including these vector resonances, the near threshold enhance-
ments of effective form factor, the large electromagnetic form
factor ratio and large phase angle can be well reproduced.
B. Polarization observables in time-like region
With the fitted GE and GM , we can estimate the spin polar-
ized observables appearing in the reaction e+e− → Λ¯Λ [33,
34]. Under one-photon exchange approximation, the single
and double polarization observables can be related to electro-
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FIG. 4: Prediction for the single polarization observable Ay vs
√
s in
e+e− → ΛΛ¯ at the fixed angle θ = 45◦.
magnetic form factors by,
Ay =
−2MΛ
√
s sin(2θ) Im(GMG
∗
E
)
Dc − Ds sin2(θ)
,
Axz =
4MΛ
√
s cos(θ)Re(GMG
∗
E
)
Dc − Ds sin2(θ)
,
Axx =
[Dc − Ds] sin2(θ)
Dc − Ds sin2(θ)
,
Ayy =
−Ds sin2(θ)
Dc − Ds sin2(θ)
,
Azz =
[Ds sin
2(θ) + Dc cos
2(θ)]
Dc − Ds sin2(θ)
, (12)
where Dc = 2s|GM |2, Ds = s|GM |2 − 4M2|GE |2, and θ is the
scattering angle defined in the c.m. frame. In this work,
we present the polarized observables with θ = 45◦. From
above expressions of the spin polarization observables, one
can find that the observables Axx, Ayy and Azz depend on mod-
uli of the EMFFs only. As for Ay and Axz, they not only de-
pend on the moduli of the EMFFs, but also on the relative
phase, since GE/GM = |GE/GM |ei∆Φ [33]. Therefore, pre-
cise measurements on these observables will be very useful
for discriminating different models. In Fig. 4, we present the
single polarization observable Ay as function of
√
s. Since
Im(GMG
∗
E
) ∼ sin(∆Φ), the shape of Ay can be directly re-
lated to the relative phase ∆Φ, which indicates the precise
measurement of the single spin polarization Ay can provide
a way to obtain the exact information of the relative phase
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FIG. 5: Predictions for the double polarization observables Axz, Axx, Ayy and Azz vs
√
s in e+e− → ΛΛ¯ at the fixed angle θ = 45◦.
∆Φ. The double polarization observables depending on
√
s
are presented in Fig. 5.
C. Form factors in space-like region
It is straightforward to extend our estimation to the space-
like region with the fitting parameters. Unlike the case of
the nucleon, the Λ hyperon space-like EMFFs are hard to be
measured experimentally and no experimental data is avail-
able until now. But there are some theoretical investigations
on EMFFs Λ hyperon in space-like region. In Ref [49],
EMFFs ofΛ hyperon in space-like region are estimated by us-
ing a combination of Dyson-Schwinger equation and Bethe-
Salpeter equation, where the former equation is used to cal-
culate the quark propagator and the latter one is adopted to
describe the baryons as bound states of three valence quarks.
The EMFFs were also estimated in a relativistic quark model,
where both contributions from the quark core and meson
cloud are considered [50]. The Lattice QCD estimated the
Λ hyperon EMFFs at Q2 = 0.227(2) GeV2 with unphysical
pion mass [51].
With the fitted parameters in Table II, we present our nu-
merical results of space-like EMFFs in Fig. 6. For compari-
son, we also show the estimations of Λ hyperon EMFFs from
different model [49, 50] and Lattice QCD [51]. Our estima-
tion indicate GE is negative and the magnitude is larger than
that of Refs. [49, 50], but the shapes are similar. As for the
magnetic form factor, it is also negative and its magnitude de-
creases more quickly than other model predictions [49, 50].
IV. SUMMARY
In the present work, we have presented an analysis on the
EMFFs of the Λ hyperon in a modified VMD model. We take
into account the contributions of two components, which are
the valence quarks and the meson cloud in the VMD model.
Different from the case of nucleon, the isovector parts of the
Dirac and Pauli form factors vanish due to the isoscalar nature
of theΛ hyperon. We further analytically continue the EMFFs
from the space-like region to the time-like region.
To fit the time-like effective form factor Geff, electromag-
netic form factor ratio |GE/GM | and the relative phase angle
∆Φ in the time-like region, we involve all the isospin sin-
glet vector meson below the ΛΛ¯ threshold, which are ω(782),
ω(1420), ω(1650), φ(1020), φ(1680) and φ(2170). With these
vector mesons, we can well reproduce the experimental data,
and we also find the excited states ω(1420), ω(1650), φ(1680)
and φ(2170) are crucial in depicting the experimental data.
With the parameters obtained by the combined fit of |Geff |,
|GE/GM | and ∆Φ, we predicted the single and double spin po-
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FIG. 6: (Color online). The EMFFs ofΛ hyperon from the present estimation (solid lines) comparing with the predictions of Ref. [49] (shadow
area), Ref. [50] (dashed lines) and the Lattice data (triangles point with error bar) from Ref. [51].
larization observables of e+e− → ΛΛ¯ process, which could be
tested by further precise measurements. Moreover, we ana-
lytically continue the expressions of the form factors from the
time-like region to the space-like region. Our estimations are
qualitatively similar to other model calculations and Lattice
estimation but slight different quantitatively.
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